Abstract Induction of brown-like adipocytes (brite) in white adipose tissues may allow the conversion of lipid storage cells in fat-burning cells. Little is known concerning browning potential in males compared with females. In this study, we aimed to analyse whether gender differences were present in gene expression of ''brite'' markers as well as the impact of dietary manipulation at both early stages and adulthood in rats. We have determined the expression of brite markers and genes associated with lipid and energy metabolism in inguinal adipose tissue in adult male and female rats. We have analysed the impact of high-fat (HF) diet in adult life and of early leucine supplementation (2 %) during lactation. Results show that although both genders have the potential to induce brite genes in inguinal adipose tissue, males expressed higher levels (CIDEA, HOXC9 and SHOX2), which would imply a higher browning capacity in comparison with females. Minor impact of HF diet in adult life was observed in most of the genes studied. Interestingly, results showed that early Leu was able to compromise the metabolic fate of white and brite adipocytes later in adult life. Leucine supplementation programmed higher expression of cell death-inducing DFFA-like effector, accompanied with induction of sterol regulatory element binding transcription 1c factor and lower UPC2 expression, particularly in females. In addition, Leucine supplementation was associated with higher expression of leptin and PPARc and decreased carnitine palmitoyl transferase in both genders. Although the exact role of these adaptations needs further comprehensive analysis, dietary Leu supplementation at early age programmed inguinal adipose tissue in a gender specific manner.
Introduction
Adipose tissue of mammals is integrated by at least two types of adipocytes, white and brown, which are organized in white (WAT) and brown (BAT) adipose tissues constituting a multidepot organ called the adipose organ (Cinti 2005 ). This is a major endocrine organ exerting a profound influence on whole-body homoeostasis and body weight control (Saely et al. 2012) . Both type of adipocytes share the property of accumulation and release of fatty acids, and they both express the rather specific adrenergic receptor b3 (Richard and Picard 2011) . However, they have distinct anatomy and function: white adipocytes are unilocular and regulate energy balance through secretion of leptin, while brown adipocytes are multilocular and rich in mitochondria and contribute to regulation of energy expenditure by means of uncoupling protein 1 (UCP1) protein, responsible for the heat production of these cells (Cinti 2005) .
WAT and BAT are normally localized in anatomically distinct areas, although the presence of brown adipocytes expressing UCP1 in typical white fat pads also occurs under certain conditions (Cousin et al. 1992; Virtanen et al. 2009 ). Recently, molecular characterization of WAT has revealed the possibility of inducing a ''browning process'' in response to appropriate stimuli, like activation of badrenergic receptor (Ghorbani and Himms-Hagen 1997) , long-term exposure to cold (Barbatelli et al. 2010) , drugs (Distel et al. 2012) or even nutritional agents (Bonet et al. 2013) . The mechanism of this plasticity is yet unknown and is under extensive investigation. These novel thermogenic brown-like adipocytes are also called ''brite'' (brown-inwhite) cells, are energy-expending cells found among energy-storing adipocytes and share characteristics with classical brown adipocytes (like the capacity for uncoupled respiration) and are developed in the post-natal period and are susceptible of activation by cold exposure or PPARc agonists (Sharp et al. 2012) .
In adult humans, novel imaging techniques have demonstrated the existence of active brown adipose tissue, which is acutely induced by cold and stimulated via the sympathetic nervous system (Nedergaard et al. 2007; Saito 2013) . Furthermore, patients affected by pheochromocytoma secrete huge amounts of catecholamines and show high levels of active BAT by adrenergic stimulation . Feasibility of browning process either by transdifferentiation (white adipocytes converted to brown) and/or by induction of novel brown/brite adipocytes in humans may provide an important strategy in obesity treatment, as these cells may contribute to attenuate the tendency to increase fat deposition seen in mice (Lasar et al. 2013) .
Sex differences associated with fat distribution and correlations to metabolic health in humans are well established. Studies on morphological and metabolic properties of adipocytes, as well as on proliferation and differentiation potential of pre-adipocytes derived from different depots, with the purpose of understanding the intrinsic gender-specific metabolism have been performed (Karastergiou et al. 2012) . However, little is known concerning gender differences in the metabolism of brite adipocytes and the changes occurring at gene expression level in the browning process in males and females. In this study, we aimed to analyse whether gender differences were present in gene expression of ''brite'' markers as well as the impact of dietary manipulation at both early stage (maternal supplementation with leucine) and adulthood (high-fat diet) in rats.
Materials and methods

Experimental animals
Animals were submitted to two dietary treatments: maternal leucine supplementation during lactation (L) and highfat (HF) diet at adulthood. L group was obtained by feeding powder standard diet (1.11 % Leu) supplemented with 2 % L-Leucine ([99 % NT, Sigma-Aldrich, Madrid, Spain) from day 1 after delivery until weaning at 21 days of age (López et al. 2010) . Control animals (C) were treated in the same conditions but fed with the non-supplemented powder standard diet. Then, offspring were caged by gender-mated animals and fed with standard diet. At the age of 6 months, both L and C animals were distributed into two dietary regimes, receiving either a high carbohydrate (HC) (3.85 kcal/g, 10 % calories from fat, Ref D12450B) or a HF diet (4.73 kcal/g, 45 % calories from fat, Ref D12451) [Research Diets (NJ, USA)]. A total of 8 experimental groups were followed (n = 6 each) according to diet (HC or HF), early treatment (C or L) and sex (males, females). At the age of 9 months (275 days), animals were killed and adipose samples collected. The inguinal depot was rapidly removed, weighed, frozen in liquid nitrogen and stored at -80°C. Diagram of the experimental dietary design is shown in Fig. 1 .
The animal protocol followed in this study was reviewed and approved by the Committee of our University. All institutional and national guidelines for the use and care of laboratory animals were followed.
RNA extraction
Total RNA was extracted from the inguinal adipose depot by Tripure Reagent (Roche Diagnostic, Mannheim, Germany) according to the manufacturer's instructions. Final RNA precipitation was performed with 3 M sodium acetate. Isolated RNA was quantified using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and its integrity confirmed by agarose gel electrophoresis.
Real-time quantitative polymerase chain reaction analysis
Real-time polymerase chain reaction (PCR) was used to measure mRNA expression levels of selected markers of brite, brown and white adipocytes. Guanosine diphosphate dissociation inhibitor (GDI) was used as reference gene; 0.08 lg of total RNA (in a final volume of 5 ll) was denatured at 90°C for 1 min and then reverse transcribed to cDNA using MuLV reverse transciptase (Applied Fig. 1 Diagram representing the experimental design and diets. C fed with chow diet, L chow diet supplemented with 2 % L-Leucine, HC high carbohydrate diet and HF high-fat diet Biosystem, Madrid, Spain) at 42°C for 60 min and 99°C for 5 min in an Applied Biosystems 2720 Thermal Cycler (Applied Biosystem, Madrid, Spain). Each PCR was performed in diluted (1/5) cDNA template, forward and reverse primers (10 lM each) and Power SYBER Green PCR Master Mix (Applied Biosystem, CA, USA). Primers were obtained from Sigma Genosys (Sigma-Aldrich Quí-mica, Madrid, Spain), and sequences are described in Table 1 . Real-time PCR was performed using StepOnePlus Real-Time PCR System (Applied Biosystems) with the following profile: 10 min at 95°C, followed by a total of 40 two-temperature cycles (15 s at 95°C and 1 min at 60°C). In order to verify the purity of the products, a melting curve was produced after each run according to the manufacturer's instructions. The threshold cycle (Ct) was calculated by the instrument's software (StepOne Software v2.2), and the relative expression of each mRNA was calculated using the 2 -DDCt method (Livak and Schmittgen 2001) corrected by the expression of GDI in the sample.
GDI was selected in front of 18S gene because it was the most homogeneous between samples and, in addition, appearing with a Ct closer to most of the other genes analysed. Ct values of GDI were not different in control 
Statistical analysis
All data are expressed as the mean ± S.E.M. Three-way ANOVA was used to determine the existence of effects of gender (S), treatment (T) and diet (D). Two-way ANOVA was used to assess differences by early treatment (L vs. C) and diet in adulthood (HF vs. CH) in males and females, separately. Analysis by Student's t test was used to test differences between paired groups of the same gender differing in one single condition (for example, C-HC vs. L-HC in females). Threshold of significance was defined at p \ 0.05. The analyses were performed with SPSS for Windows (SPSS, Chicago, IL).
Results
Males show higher levels of expression of brite markers than females in inguinal adipose tissue Expression of markers associated with brown/brite adipocytes has been found in inguinal adipose tissue in both adult male and females. Interestingly, different expression pattern, mainly related to gender, was observed within the biomarkers selected (Fig. 2) . Minor effects of early dietary treatment and diet composition in adult life were shown.
Cell death-inducing DFFA-like effector (CIDEA) is a structural brown adipocyte gene also present in brite cells. CIDEA expression was higher in males than females (S, p = 0.000), and a dietary effect (D, p = 0.031) was also observed, mainly associated with higher expression in HFfed animals. Furthermore, Leu-treated females showed higher CIDEA values in comparison with the respective control groups (T, p = 0.019). CIDEA protein levels were also determined and confirmed the presence of lower levels in females (S, p = 0.007), whereas the diet and Leutreatment observed on RNA expression were counteracted at protein level (Fig. 2) .
T-box15 (Tbx15) is another established gene as a brown/brite adipocyte marker. Tbx15 was detected in both males and females; however, its high variability in expression indicated that it was not sensible to the variables analysed. UCP1, the canonical marker of BAT, could not be detected in a consistent manner in all samples either at the level of mRNA or protein (data not shown). Similar findings were obtained concerning messenger for PR domain containing 16 (PRDM16) a transcriptional coregulator that controls the development of classical brown adipocytes.
Homeobox C9 (HOXC9) and short stature homeobox 2 (SHOX2) genes have been characterized as brite adipocytes gene markers. Concerning their expression, no significant differences were shown associated either to diet or treatment. However, both genes showed higher levels of expression in males than in females under all conditions studied (S, p = 0.000 and p = 0.001, respectively).
Males show higher levels of expression of genes than females in inguinal adipose tissue
We have further characterized inguinal gene expression in order to get insight into the metabolic adaptations and potential influence of brite cells in the inguinal depot. Most of the genes showed a clear gender influence, presenting higher expression in males than females as observed with brown/brite markers. Expression pattern of a few genes could be associated with early dietary treatment and only fatty acid synthase (FASN) to current dietary feeding (Fig. 3) .
Gene expression of regulatory proteins secreted by adipocytes like leptin (Lep), resistin (RETN) and adiponectin (AdipoQ) were higher in males than in females (S, p = 0.000, p = 0.000 and p = 0.003, respectively). In addition, influence of early Leu-treatment (T, p = 0.006) was associated with higher expression of leptin in females, and post hoc analysis indicated that L-HF group showed higher levels in comparison with C-HF females (p = 0,001).
Managing of triglycerides/fatty acids by adipose triglyceride lipase (ATGL) and lipoprotein lipase (LPL) was also higher in males than females (S, p = 0.001 and p = 0.0000, respectively), and this pattern was also found in the expression of other genes dealing with fatty acid synthesis and handling. Carnitine palmitoyl transferase (CPT1), FASN and stearoyl-CoA desaturase 2 (SCD2) showed higher levels in males than in females (S, p = 0.049, p = 0.000 and p = 0.014, respectively). In addition, FASN expression was decreased in high-fat-fed animals (D, p = 0.047) and was particularly manifested in males of the control group (C-HF in comparison with C-HC, p = 0,039). CPT1 expression observed a decrease associated with Leu supplementation (T, p = 0.022). Transcription factors associated with lipid metabolism such as sterol regulatory element binding transcription factor 1c(SREBP1c) and peroxisome proliferator activated receptor gamma 2 (PPARc2) were also higher in males than in females (S, p = 0.000 and p = 0.000, respectively) and reflected the impact of early dietary treatment; PPARc2 expression was higher in Leu-treated animals (T, p = 0.006), and separated gender analysis indicated that the effect was more pronounced in males (T, p = 0,025) and particularly in those under a high-fat diet (L-HF males respect to C-HF, p = 0,027). In contrast, SREBP1c expression showed the impact of early Leu-treatment in females (T, p = 0.045), and particularly in those under the high carbohydrate diet (L-HC females versus C-HC, p = 0,026). Regarding uncoupling protein, expression of Fig. 2 mRNA expression of brite-associated genes and CIDEA protein levels in inguinal adipose tissue of 9-month-old rats (males and females) fed with a HF or HC diet. L and C make reference to early dietary treatment that was either leucine supplemented diet (L) or control diet (C). GDI expression was used as housekeeping gene. After assuming comparable levels of expression between males and females, all data are expressed as a percentage of male control animals under HC diet (C-HC group). CIDEA protein levels have been referenced to b-actin in the respective samples. Results are mean ± S.E.M (n = 5-6). Effect of sex (S), diet (D) or treatment (T) was assessed by three/two way ANOVA, horizontal bar details the groups involved in the analysis and p value is indicated. Student's t test was followed for further comparison of groups that differ in one single condition in order to analyse the effect of diet (*) and of leucine treatment (#), and the p values found statistical significant are indicated in the text. Threshold of significance was set at p \ 0.05 for all analysis. Cell death-inducing DFFA-like effector A (CIDEA), T-box15 (TBx15), homeobox C9 (HOXC9), short stature homeobox 2 (SHOX2) Fig. 3 mRNA expression in inguinal adipose tissue of 9-month-old rats (males and females) fed with a HF or HC diet. L and C make reference to early dietary treatment that was either leucine supplemented diet (L) or control diet (C). GDI expression was used as housekeeping gene. After assuming comparable levels of expression between males and females, all data are expressed as a percentage of male control animals under HC diet (C-HC group). Results are mean ± S.E.M (n = 5-6). Effect of sex (S), diet (D) or treatment (T) was assessed by three/two way ANOVA, horizontal bar details the groups involved in the analysis and p value is specified. Student's t test was followed for further comparison of groups that differ in one single condition in order to analyse the effect of diet (*) and of leucine treatment (#), and the p values found statistical significant are indicated in the text. Threshold of significance was set at p \ 0.05 for all analysis. AdipoQ adiponectin, ATGL adipose triglyceride lipase, CD36 cluster of differentiation 36, CPT1 carnitine palmitoyltransferase 1b muscle isoform, FASN fatty acid synthase, GLUT4 facilitated glucose transporter 4, LEP leptin, LPL lipoprotein lipase, PPARc2 peroxisome proliferator activated receptor gamma 2, RETN resistin, SCD2 stearoyl-Coenzyme A desaturase 2, SREBP1c sterol regulatory element binding transcription factor 1c, UCP2 uncoupling protein 2, XBP1 X-box binding protein 1 UCP2 was decreased by early Leu-treatment in females (T, p = 0.031) and particularly in the group under the HC diet (females L-HC in comparison with C-HC), p = 0.001).
Capacity to transport glucose mediated by GLUT4 showed the same tendency as seen for fatty acid-related genes, being higher in males than in females (S, p = 0.002), and it was not influenced by early Leu-treatment or diet composition in adult life. The marker of macrophage infiltration (CD36) was also higher in males than females (S, p = 0.000) in accordance with the rest of the genes analysed. Expression of X-box binding protein 1 (XBP1), part of the endoplasmic reticulum (ER) stress response, was not different between groups.
Discussion
It is known that gender differences in obesity originate mainly from hormonal and metabolic differences between sexes. Recently, a series of proteomic analysis have revealed some of the gender-specific characteristics of the proteome profile in BAT (Choi et al. 2011 ) and WAT depots (Mukherjee et al. 2012 ). Gender dimorphism is present at the level of adipose protein expression and affects a reduced number of proteins (between 25 and 46 depending on the source of the depot) (Mukherjee et al. 2012) . In accordance, previous data from our lab also show lower transcriptomic expression in females compared to male rats. Interestingly, differences between sexes are more marked in inguinal WAT (Priego et al. 2008) . Subcutaneous white adipose depots have a higher propensity towards expression of brite markers compared to the visceral depots (Wu et al. 2012) . However, no data are available concerning gender differences in the potential of the inguinal adipose tissue to express brite-associated genes. Our data show that although both genders express and therefore may induce, brite genes in inguinal adipose tissue, males expressed higher levels of CIDEA, HOXC9 and SHOX2, and the same trend was detected for Tbx15 (Fig. 2) . Furthermore, CIDEA protein levels were also higher in males than females, highlighting that the gender differences in brite potential may spread to protein levels.
The pattern seen in the expression of brite-associated genes was a reflection of the metabolic potential of the tissue in a gender-related manner. Therefore, in comparison with females, males presented higher expression of adipocyte-associated regulatory proteins such as leptin, adiponectin and resistin; higher handling capacity of lipids/ fatty acids by LPL and ATGL; and their processing by FASN, CPT1 and SCD2. In addition, lipid regulatory factors such as SREBP1c and PPARc2 were also expressed at higher level in males than in females (Fig. 3) . All together, the data indicate that female rats have lower lipid metabolic capacity in inguinal adipose tissue in comparison with males. This pattern, shared by brite-associated genes too, may suggest a lower browning capacity in white adipose tissue of female rats in comparison with males.
Another question raised in the present study was the relevance of dietary impact in the expression of brite genes in a gender-specific manner. We were interested in analysing the impact of diet composition in adult life but also in identifying effects of early dietary manipulation on brite expression in rats. Diets with a high content of fat (HF) or carbohydrate (HC) were selected in adult life as tools to check the potential of brite induction in inguinal adipose. No data are available on the performance of inguinal WAT on brite induction by dietary manipulation in rats. Most of the studies have been performed in mice, and the general view is that HF feeding may increase thermogenesis in BAT but reduces the brite potential in WAT. In this context, brite adipocytes would be displaced by white adipocytes to store fat in a time of surplus (Bonet et al. 2013) . However, differences between species may occur as increased expression of UCP1 mRNA by HF feeding has been found in abdominal fat in female rats (Margareto et al. 2001) and in retroperitoneal adipose tissue in male hypertensive rats (Hojna et al. 2012) . We were unable to detect UCP1 either at the level of mRNA or protein, and minor impact of HF diet in adult life was observed in the rest of the genes studies. CIDEA was the only brite gene affected by the dietary treatment, showing increased expression in HF-fed animals in comparison with the HC diet, a pattern shared by both genders. However, these differences were buffered at CIDEA protein level. The role of CIDEA has been associated with lipid droplet enlargement and appears broadly expressed in most of the multilocular cells. Furthermore, the presence of CIDEA positive with UCP1 negative multilocular adipocytes in WAT depots in cold acclimated mice has been proposed as an early stage on adipocyte transdifferentiation (Barneda et al. 2013) . Although this is a possibility that cannot be ruled out in our experimental setup, it would need further investigation.
In addition, results provided evidence for the role of early dietary manipulation, which was able to compromise the metabolic fate of white and brite adipocytes later in adult life. We have used a model of maternal dietary leucine supplementation during lactation (López et al. 2010 ). In this model, nursing dams show a healthier profile of body composition, without compromising the growth and development of the progeny by a mechanism that would involve lower expression of orexigenic neuropeptides in hypothalamus (López et al. 2010) . Data indicated that early leucine supplementation programmed higher expression of CIDEA, which could be regulated by the induction of SREBP and was accompanied by lower UPC2 expression, particularly in females. Interestingly, post-transcriptional mechanisms may be acting on CIDEA regulation, because CIDEA protein levels were homogeneous in all the groups of females, irrespective of diet and early leucine treatment.
In addition, early leucine supplementation was associated with higher expression of PPARc together with decreased CPT1 in both genders. In adipocytes, CIDEA seems to mediate SREBP-dependent lipid accumulation under the control of PPARc (Puri et al. 2008) . Our results fit with this model and altogether seem to indicate that the main effect of early leucine supplementation was the promotion of lipid storage potential, particularly in female offspring, which also show higher expression of leptin. Although the exact role of these adaptations needs further comprehensive analysis, dietary leucine supplementation at early age programmed inguinal adipose tissue in a gender specific manner.
Taken together, this study demonstrated that the level of expression of genes related to browning process in adipose tissue is gender dependent, male rats presenting higher levels than females. This pattern is similar to that found for most of genes associated with adipocyte metabolism and analysed in the present study. Furthermore, our data show minor impact of diet composition in adult life in the expression pattern of brite-associated genes, whereas influence of early dietary supplementation to maternal diet seems to have higher relevance. This knowledge may provide bases for specific evidence-based interventions and therefore allowing for more focused prevention and/or treatment of obesity.
